Abstract. The paper presents preparation of YAG precursor powders mixture with ability for the reaction sintering at lower temperature. The powder mixture was mechanochemically processed and characterized for the specific surface area and crystallinity (XRD). Sintering experiments were performed on the batched powders, mechanochemically processed powders and as-synthesised YAG powders. XRD measurements and SEM/TEM studies were applied for characterization of the phase composition and development of YAG ceramics. Transmittance of the resultant ceramics was measured. It has been shown that YAG structure formed at 200 C lower temperature in comparison to the reference specimen and contamination by the side phases (YAM, YAP) was limited. The best translucency was achieved for the reaction sintering of the mechanochemically processed powders.
Introduction
Yttrium Aluminum Garnet (YAG) is a well known host lattice for luminescent materials. Presently, YAG in the form of monocrystals is applied in diode-pumped solid-state lasers, scintillators, IR windows [1] . The development of blue light emitting diode (LED) has opened a way to obtain white light for general lighting by using phosphors for partial conversion of blue light into the yellow one. The optical mixture of the blue and yellow light results in a white light. Commercial white LEDs (wLEDs) employ mixtures of phosphors powders deposited on a GaN semiconductor chip and YAG powder doped by Ce 3+ was the first and an efficient blue light converter because of 4f-5d transition and maximum absorbance in the blue region [2] . Thin transparent YAG ceramics with the relevant doping could replace both the monocrystals or the resin-based YAG:Ce composites as the blue light converters in wLEDs [3] . The advantages of the monocrystal replacement by polycrystalline transparent ceramics are obvious: low price, ease of manufacturing and mass-production [4] . It also has been proven that the solubility of Nd for polycrystalline ceramics is more than that of a single crystal [5] . Substitution of the resin-based phosphor converter in wLEDs by transparent polycrystalline ceramics will result in the significant decrease of operating temperature because thermal conductivity of YAG ceramics is approximately 40 times higher in comparison to the resin-based composites. Consequently, thermal quenching of YAG:Ce phosphor will be drastically reduced and efficiency of wLED will be considerably improved. Recently, a lot of efforts have been made for manufacturing transparent polycrystalline YAG ceramics with various optical activators [6] [7] [8] . The cubic structure of garnet enables fabrication of the polycrystalline YAG ceramics with high transparency [9] . The YAG powders may be prepared and synthesized by different methods. The preparation method of YAG nanopowders includes: sol-gel [10] [11] , coprecipitation [12] , hydrothermal [13] , spray pyrolysis [14] , combustion [15] , solvothermal methods [16] . The other method of preparation nanopowders is mechanochemical processing (MCP) as a additional step in the solid state reaction method. High energy ball milling initiate chemical reactions and structural changes by transferring kinetic energy to the grain refinement of milling mixture [17] . However, placing of optical activators into the YAG precursor by MPC and subsequent sintering was never reported before. The resultant nanopowders after necessary calcination can be then consolidated into polycrystalline ceramics by one of the following methods: pressureless sintering at temperature over 1700 °C followed by densification in high vacuum [9] or pressure assisted methods i.e. hot-isostatic pressing (HIP) in the range of 1450-1550 C [18] , spark plasma sintering (SPS) at 1300 C [19] or low temperature high pressure method (LTHP) [20] . There are only few reports on manufacturing transparent YAG:Ce ceramics [20] [21] [22] as cerium ions were found to segregate at grain boundaries as revealed lately [23] . The aim of this study was to obtain transparent YAG:Ce ceramics by a one-step reaction sintering using a solid state reaction method for densification of mechanochemically processed mixture of powdered substrates. It was expected that the activation of powder will amplify sintering capability by the resultant increase of the powder surface area [24] .
Experimental
The stoichiometric amount of the high purity oxides according to the formula of Y were ultrasonically deagglomerated and mixed in a roller bench in polypropylene bottle with 10 mm Si 3 N 4 balls for 24 hours. The suspension was dried at room temperature for 24-48 hours and grinded in an agate mortar. The mechanochemical process was conducted by Fritsch Premiumline 7 planetary ball milling system. The parameters of high-energy milling were: rotation speed of 1000 rpm for 15 min, followed by a break of 30 min for cooling milling jars. Such a cycle was repeated 8 times. The total time of milling was 2 hours. A 80 ml silicon nitride milling jar and 5 mm silicon nitride ball were used. A weight ratio between the milling balls and powder was 15:1. Dilatometer studies were performed on the thermal analyzer SETSYS using TMA head in an argon atmosphere (Ar 99.999%) with a flow of 1.25 l/h. The heating rate was 5 °C/min, and the maximum temperature was 1500 °C. The linear changes of both the as-batched powder and the milled precursor were examined. Three ways of specimen consolidation were applied. The first set of specimens was prepared in a twostep procedure. First, mechanochemically processed precursor powder was annealed for 1 hour in an N 2 /CO atmosphere in a graphite furnace (Thermal Technology) at temperature of 1650 °C. It was checked for phase composition and consequently it was used for consolidation at 1650 °C in the form of pellets (diameter of 10 mm, height of 3 mm) -sintering of YAG:Ce powder (2s-S). The second type of specimens were compacted directly from MCP-ed powders and then sintered in a graphite furnace at 1650 °C for 2 hours (reaction sintering of the activated precursor -RS). The last type of specimens was prepared as reference specimens. They were uni-axially pressed from the as-batched mixture of the relevant oxides without MCP-step and consequently consolidated at 1650 °C for 2 hours (reaction sintering of initial powders -reference RS). Diameter and height of all compacted specimens were the same. All of them were sintered in nitrogen flow of 3 l/h in a graphite furnace on an alumina support. Phase composition of the powders and the final ceramics was examined by X-Ray powder diffraction (XRD) using a Philips XPert PRO MPD system equipped with linear detector X'Celerator. Lattice parameters were obtained from Rietvield refinement of the XRPD data, recorded in the 2 range of 10°-80° with a step size of 0.02°. The grain morphologies of the powders and surface of the resultant ceramic were observed in a Hitachi S-3400N scanning electron microscope (SEM) operated at 15kV. All measurements were performed at room temperature.
Results and discussion
The surface area of starting powder and MCP-ed powder were presented elsewhere [23] . The results were 25.6 m 2 g -1 and 42.4 m 2 g -1
, respectively. Dilatometry studies allow watching the specimen's height changes during thermal treatment. Since several reactions are possible in the Al 2 O 3 -Y 2 O 3 -CeO 2 system the subsequent height changes are related to the reactions between the components and subsequent volume changes due to the new phase crystallization. Thermal behavior of alumina, yttria and ceria mixture during increasing temperature in argon atmosphere is given in Fig.1 . It shows clear difference of the samples thermal behavior if the MCP step was introduced into powder processing procedure. If the specimen was compacted from the as-batched mixture then the beginning of the reaction at 980 °C was noted (Fig.1a) . The highest rate of the first reaction with significant volume changes occurred at 1200 °C and according to literature [25] it could be ascribed to yttrium aluminum monoclinic (YAM) -phase formation. This reaction is followed by the next two ones with smaller volume changes related to the formation of yttrium aluminum perovskite (YAP) and finally to YAG phases, however complexity of the peaks hinders the proper solution of the resultant peak. Behavior of the sample with the MCP step (Fig.1b) allows to detect the occurrence of three reactions, two of them related to the volume decrease and one associated to the increase of volume. Comparison of YAM and YAP densities evidences the volume enlargement after transition-reaction completion and that performance is clearly supported by the recorded thermal analysis. The last reaction with the highest volume changes could be related to YAG formation assisted by sintering. Moreover, if we compare behavior of both powders then a shift of the peaks toward the lower temperature is observed: crystallization of YAM and YAP phases occurs at temperature by 100 °C lower in comparison to the unmilled precursor. Moreover, the largest displacement of the milled specimen occurred at the highest temperature and was related to YAG crystallization and simultaneous consolidation. In contrary, the unmilled precursor demonstrated the largest displacement during crystallization of YAM while densification at 1420 °C involved onlythe limited shrinkage of the specimen. It should be noted that dilatometer curves during cooling show small volume changes. Those changes occur in the both tested specimens and at the same temperature. Since the phase composition of the both heat treated specimens is obviously different we think that the observed transition could be related to the cerium presence. All samples showed the pure garnet structure with high level of crystallization [26] . Figure 2b shows the changes of the YAG:Ce lattice parameter at a diverse step of processing. The lattice parameter of the pure YAG is 1200.62 pm. The lattice parameter goes up as a result of substitution of Y 3+ (102 pm) by Ce 3+ (115 pm) ions. It was observed that the YAG: Ce powder after synthesis has a lower lattice parameter than YAG:Ce ceramics. The two-step sintered (2s-S) YAG:Ce ceramic shows lattice parameter of 1201.62 pm, higher than the powder before sintering. Increase of the lattice parameter after sintering must be related to the higher substitution of yttrium ions in the garnet structure by Ce 3+ . It could mean that only part of cerium ions entered the garnet structure during the solid state synthesis leaving the remaining cerium oxide on the surface of garnet particles. It could occur since particles of the three different powders were only loosely packed. Moreover, only Ce 3+ ions could enter the garnet structure and necessary reduction of Ce 4+ involves growth of cerium ion from 101 pm (Ce 4+ ) to 115 pm (Ce 3+ ). The subsequent densification of the partially substituted garnet powder allowed completion of the designed solid solution as a result of shortening the diffusion paths in the compacted specimens. However, if the mechanochemically processed powder is directly reaction sintered then the lattice parameter is the highest. This suggests that the reaction sintering of the MCP-ed mixture guarantees better conditions for the reduction of Ce 3+ ions and subsequent formation of the solid solution. Such behavior was observed for the many reactive mixtures [27] however it was never reported for cerium doped YAG-based materials. SEM images (Fig.3) 
Conclusions
The mechanochemical processing of the stoichiometric mixture of oxide powders relevant to the formula of Y 2.94 Ce 0.06 Al 5 O 12 resulted in significant changes of the reaction sequence and sintering ability during thermal treatment: formation of the transient phases of YAM and YAP was moved to temperature lower by 100 °C while crystallization of YAG phase was followed by the substantial shrinkage related to consolidation Consequently, it has been shown that translucent YAG:Ce ceramics could be obtained by pressureles one-step reaction sintering accompanied by the extensive grain growth. Moreover, the MCP step increased solubility of Ce 3+ ions in the garnet structure as evidenced by a change of lattice parameter from 1201.38 pm (powder) to 1201.81 pm (ceramic). Consequently, the significant reduction of the necessary concentration of that optical activator in the initial powders could be achieved.
